e study of the permeability of soil-rock mixtures is important in supporting theories behind reclamation mechanisms for openpit mines. To avoid the influence of differences in the spatial distribution of rock within the same sample on the permeability of a soil-rock mixture in laboratory tests, a numerical method for modelling the soil-rock mixture based on the threshold control method was proposed. rough the statistical results of 297 CT (computed tomography) cross sections of soil-rock mixture samples, the threshold values of pores, soils, and rocks are obtained, and a numerical model representing the reactions of the samples to real-world conditions is obtained. A numerical model was used that could vary with different rock block proportions (RBP) and porosities. Based on Darcy's law, it is concluded that macroscopic voids greatly increase the permeability of the sample due to their depth of penetration. e higher the stone content, the closer the permeability will be to the permeability of the rock skeleton. erefore, during the reclamation process of the open-pit mine, the water-retaining layer below the humus should be compacted, and RBP should be increased to lower permeability and achieve better water retention.
Introduction
As China's environmental requirements improve, reclamation has become increasingly important in the area of open-pit mining. A waste dump is the main area of concern in open-pit mine reclamation and is composed of soil-rock mixtures produced by the mining process. To meet the water needs of plants, reclamation projects require a cover of humus and aquifers built into the topsoil. e hope is that the moisture of the humus soil and aquifer will not be lost, which means that the surface of the dump field must retain water [1] [2] [3] [4] , as is shown in Figure 1 .
erefore, studying the permeability of the rock aggregate within the dump is of great significance to reclamation work. However, the mesoscopic structure of the soil-rock mixture is very complicated. We hope to avoid incorporating error into the laboratory tests caused by differences in materials distribution in the sample, and a numerical simulation based on CT images is a suitable choice.
Numerical simulation based on digital images is an effective method to analyse the heterogeneity of materials, the characteristics of their internal structure, the characteristics of various components, and the corresponding mesoscopic properties. is method has achieved positive research results in analysing soil and stone mixtures as well as coal and concrete specimens.
Chen et al. [5] presented the background grid-EAB block casting algorithm and applied the manifold method in their simulation process, which simulates soil-rock mixture compression and verifies its effectiveness. Xu and Wang [6] tested a three-dimensional model of block stone. According to the test requirements, they built a soil and stone mixed model. ey proved the rock-mass effect of the soil-rock mixture by simulating and combining test results. Liao et al. [7] simulated a uniaxial compression test based on a twophase numerical model of soil and stone and concluded that stress in the specimen is affected by the distribution and shape of the stone. Meng et al. [8] proposed a method for generating a soil-rock mixture model and concluded that the elastic modulus is positively correlated with model size and that the boundary e ect is negatively correlated with model size. Ni et al. [9] produced a digital coal model using CT scans combined with AVIZO image processing technology and simulated the ow process of coalbed methane in large pores, which revealed the distribution of pressure and the velocity eld. Wang et al. [10] established a model using 6 coal samples, simulated the seepage conditions of coalbed methane under di erent pressure gradients, and found that the non-Darcy coe cient was negatively correlated with the e ective porosity and permeability. Yu et al. [11] proposed using bitmap vectorization theory based on the reconstruction method of a three-dimensional, solid material structures model and simulated the uniaxial compression process. Sun et al. [12] obtained the samples of multicomponent, structural, and porosity values of cement through a three-dimensional reconstruction of CT images and discrete element modelling. Yuan [13] used a combination of X-ray computed microtomography, scanning electron microscopy, and mercury intrusion porosimetry to detect large-scale hydraulic conductivity changes in a wide range of sizes related to changes in the porous microstructural variations.
e advantages of three-dimensional modelling are clear, but the shortcomings are equally obvious, such as only being able to re ect two phases, primarily the rock skeleton and the void space [11, [14] [15] [16] . However, for a soilrock mixture, models need to re ect the three phases of soil, block stone, and void space. At present, most seepage simulations of the soil-rock mixture are based on a twodimensional arti cial model [17] [18] [19] , and the main simulation includes soil and rock as the two phases. Using a CT image with a two-dimensional model is proposed to re ect a realistic sample of a three-phase distribution. At the same time, a threshold control method is established for the soilrock mixture, a multivariable model based on single model is developed, and the relationship between the mesoscopic structure and macroscopic permeability is explored. ese studies provide guidance for the future development of laboratory tests.
Basic Principles of the Threshold
Control Method
Preparation of Soil-Rock Mixture
Specimen. e study was based on a single sample of a soil-rock mixture. e material properties of the laboratory specimens of soil and rock are shown in Table 1 . In the sample preparation process, the materials are placed in a steel cylinder with a height of 160 mm and an inner diameter of 50 mm and then compressed. e initial height of the consolidated sample is approximately 130 mm, and the soil-stone mixture is formed under consolidation.
e specimen size (φ) is 50 × 100 mm, the initial bulk material moisture content is 20%, and the maximum consolidation pressure is 2000 kPa, which simulates a buried depth of approximately 100 m ( Figure 2 ).
Principles of Two-Dimensional Numerical Model
Construction. CT image is a kind of digital image. If the research object is limited to the image changing at di erent times, the image intensity can be expressed as formula (1) . In the formula, I is de ned as the image intensity and (x, y) represents the plane coordinate of the image:
According to Lambert-Beer's law [20] , the intensity of X-ray penetrating the material is attenuated, and the relationship between the incident and outgoing X-ray intensity is shown in the following formula:
where I 0 is the intensity of incident X-ray, I is the intensity of the outgoing X-ray, Δx is thickness, and μ is the linear attenuation coe cient of material. e linear attenuation coe cient of the material is related to its composition, density, and ray energy. e result of CT scan is the distribution image of X-ray attenuation coe cient within the detected specimen. e di erence of X-ray attenuation coe cients of void, soil, and rock can be re ected as di erent grey values [21] .
e grey value distribution in the image can be used to distinguish void space, soil, and rock. And, the greyscale value can be regarded as an intermediate variable, and porosity, which is associated with permeability, is assigned in the numerical model. We can therefore generate a numerical model that re ects the relationship between porosity and permeability.
In numerical models, porosity and permeability can be considered to be spatial point coordinates, which can be expressed as
where η 1 , η 2 , and η 3 re ect the void, soil, and rock block, respectively, and I 1 , I 2 , and I 3 are de ned as the greyscale threshold values for the void, soil, and block, respectively. e representation of permeability is similar to these variable de nitions.
If an appropriate threshold dividing point I i is de ned, we can use the numerical model and adjust the thresholds of the model accordingly.
However, in producing a numerical model that re ects actual samples, the greyscale images from CT scans reveal that the soil and stone mixture is highly heterogeneous. When we use CT technology to scan the reconstructed specimen, the continuity of grey values is better. However, different specimens have different greyscale values; we must therefore choose different methods to manage these differences. As seen in Figure 1 , different greyscale values can be reflected clearly. e characteristics of the three kinds of media are shown in Figure 3 , and the local, statistical results are shown in Figure 4 .
From Figure 4 , the greyscale of rock is mainly within the range of 130-255 and is concentrated within the range of 175-220. e soil gradation range corresponds to 115-255 and is concentrated within the range of 153-178. Pore space is in the gradation range of 0-102. e threshold between rock and soil is difficult to determine. Gradation ranges and the pores in rock and soil in this case tend to overlap, and the threshold range is between 102 and 115.
erefore, from the test, we cannot accurately define the soil and stone mixture distribution. However, as shown in Figure 5 , a comparison of numerical modelling results and an actual specimen demonstrate that the threshold segmentation is accurate and within a certain range of error and therefore reflects the true three-phase distribution from analysed sections.
reshold Control Method.
As stated above, CT images of each point can be portrayed as a function of gradation values as shown in Figure 6 . As seen from the image, the cumulative greyscale frequency of CT section images is the ratio of the greyscale pixel value to the total number of pixels in the section, which is the volume fraction of the phase, M i , and can be expressed as
where k is the greyscale pixel value and n is the total number of pixels in the section. e threshold method uses integration to control the gradation value, which reflects the proportions of the three phases. is method can generate multiple different models by dividing points along different thresholds.
Numerical Model of Soil-Rock Mixture

Select reshold Control Points.
To reflect the greyscale value distribution of the sample, 297 CT cross-sectional images of specimens for a total height of 100 mm were made to achieve a system closer to the actual specimen.
e CT scan energy was set to 150 kV, and the crosssectional image obtained by the CT scan could clearly distinguish between macroporosity, soil, and stone. e colour depth of the selected CT image is 8 bit, and the greyscale value range is from 0 to 255 where 0 represents black and 255 represents white. An image statistics programme in MAT-LAB that can calculate greyscale values was used. e greyscale value versus the cumulative frequency of the greyscale value is shown in Figure 7 . From Figure 7 , two greyscale values can be arbitrarily selected that correspond to a mixture of the three media, and the di erence in the corresponding function value is the volume fraction of that phase. For example, given greyscale values I and J(i < j), the proportion of space occupied by medium ij is expressed as M i,j . If the maximum greyscale value is I, then M 0,i represents macropores. is method can be used to nd the threshold boundary points of the di erent volume fractions of the three phases.
Construction of the Permeability Parameters Model.
We construct a permeability parameters model for soil-stone mixtures with mesoscopic characteristics in which permeability and porosity as a function of permeability characteristics are assigned spatial points. A mesoscopic visualization of the model structure o ers a ner view of parameter assignments. e sample parameters of soil and rock mixture are shown in Table 2 . e calculation of permeability is based on Darcy's law and absolute permeability is adopted. e calculation is as follows:
where A is rock cross-sectional area, μ is viscosity, L is length of rock, ΔP is rock pressure di erence, and Q is ow per unit time. Q can be obtained by integrating the uid velocity at the model outlet, as shown in the following equation: 
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where v is the velocity at any point on the X-axis when the bottom of the model is the X-axis. reshold partitioning is used in modelling the sample. According to the three-phase greyscale value distribution obtained in section 2.2, the greyscale values 115 and 175 are used as the threshold partition points that coincide with the actual CT section. e finite element software was used to generate the model and simulate the seepage flow e numeric modelling results generated after parameter assignment are shown in Figure 5 .
e size of the pores is reflected by the specimen's colour, and the white streamlines represent a Darcy flow field, which reflects the effluent and effluent velocity flowing around the specimen.
By comparing the model results to the original CT images, we can conclude that the threshold control method has a high likelihood of reducing errors. ese results also demonstrate that applying thresholds to a section using multigradation value statistics is feasible and credible.
Mesoscopic Permeability Simulation Test
is numerical test is based on CT imaging and changing the proportions of macroscopic voids, soil, and rock through constant adjustments to the thresholds. e advantage of this approach is that even though the location of stone blocks may not be consistent for different rock contents of the specimens, we can ensure that the distribution of stone blocks in the specimen is unchanged. In addition, size of pores in soil and stone is generally small, and it can be different to distinguished in large-size CT scan. So, this article refers to macropore, and total porosity of the material n is calculated as follows.
In addition, the size of the pores in soil and stones is generally small and can therefore be difficult to distinguish in CT scans of larger objects. is study therefore focuses on macropores, and total porosity of material n can be calculated as follows:
where n a is the macroscopic porosity of the air-filled sections, n s is soil porosity, n r is rock porosity, and α, β, and c are weighted values, respectively, representing the proportion of space volume occupied by the pore, soil, and rock.
Impact of Macroporosity on Permeability at a Volume
Fraction of 0.5. Five specimens were designed to research the effect of macroscopic porosity on permeability, as shown in Table 3 . e threshold control points are selected according to Figure 4 . e volume fraction of 5 selected specimens was maintained at 0.5 by adjusting the pore threshold, which increases the volume fraction of the macroscopic voids and is demonstrated in Figure 8 . In the numerical simulation, we simulate a seepage scenario at a standard atmospheric pressure of 101 kPa and using Darcy's Law. e results are shown in Figure 9 .
e absolute permeability of the soil-rock mixture obtained by calculation is shown in Figure 10 .
To demonstrate the increased reliability of the simulation results, we changed the pore threshold values from 148 to 175 and retained a soil threshold of 181. e results are shown in Figure 10 . e labelled point is the result of 5 samples, A-1 to A-5. It can be seen from the figure that permeability increases with an increase in macroscopic porosity and total porosity. e specimen A-4 demonstrates the beginning of rapid permeability where the macroscopic porosity corresponds to 0.30, and total porosity is 0.43. e permeability of specimens A-1 and A-4 is very small with an average of 1.31 × 10 −7 . e permeability of A-1 is the lowest of the specimens, and the permeability of pure soil is close to A-1. As shown in Figure 9 , which depicts the flow fields, when the macroscopic porosity reaches 0.4 (A-5 specimen), the contrast to A-4 is noticeable based on the larger area of macroscopic void penetration, which makes permeability rise rapidly.
However, the actual sample with a pore volume fraction of 0.3 was a compacted specimen. e specimen with a high porosity is similar to the compacted specimen based on morphology and results. In general, it can be concluded that macroscopic voids that do not penetrate deeply into the mixture will increase the permeability of the soil-rock mixture, but the increase is not significant, whereas the permeability of the soil-rock mixture is greatly increased by high porosity. ese results also demonstrate that this type of mixture has a water-retaining effect that can ensure humus will not be lost even with underground infiltration.
Impact of Macroporosity on Permeability at a Volume Fraction of 0.2.
is section will maintain the macroscopic volume fraction of 0.2 by changing the soil threshold value. e parameters corresponding to samples A-6 to A-10 are shown in Table 4 , and numerical modelling and simulation results are shown in Figures 11-13 .
With the first set of tests, the curves shown in Figure 13 are the simulated results where the earth threshold value changes from 169 to 194. e pore threshold value of 161 is 6 Advances in Civil Engineering maintained across all specimens. As seen from Figure 13 , at a stone content of 0.5 (A-8), the model point of view is the soil or rock mass. e permeability of A-6 is 5.86 × 10
, and the permeability of A-10 is 1.77 × 10 , which means the permeability of A-6 is between the values corresponding to rock and pore space, and the permeability of A-10 is between the values corresponding to pore space and soil. As shown in Figure 12 , the velocity streamlines of A-6 and A-7 are concentrated around the rock blocks, which directly reflect the influence of the rock material. e corresponding diagrams for A-9 and A-10 mainly depict soil. In general, increases in stone material will reduce the permeability of the soil-rock mixture, and the permeability will reduce with an increase in the stone material. In other words, the higher the amount of stone in soil humus, the better the water retention.
Conclusion
Soil-stone mixtures, which can be a highly heterogeneous and nonuniform medium, can demonstrate the same macroscopic parameters but may not produce two pieces of the same mesoscopic structure within the same specimen. In this paper, mesoscopic numerical modelling based on the threshold control method provides an effective method for describing the mesoscopic characteristics of soil-rock mixtures. e results are as follows: 
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(1) Statistics calculated from the partial CT sections can provide a comparison between the numerical model and the actual sample picture. e results prove the rationality and feasibility of this method in describing the three phases are included in the soil-stone mixture. (2) Based on statistics of soil-rock specimen with a size of 100 mm × 50 mm and using 297 CT scans, we can obtain cumulative greyscale value frequencies and the threshold segmentation boundaries, which can accurately describe volume fractions of the three phases that exist in the soil-rock mixture. (3) e e ect of macroscopic porosity and rock content on permeability was studied by using the threshold control method based on the mesoscopic numerical model, and the error caused by di erent space distributions within specimens was avoided in the laboratory. By analysing the permeability curves and streamlines in a ow eld, we conclude that macroscopic voids that do not penetrate deeply into the mixture will increase the permeability of the soil-rock mixture, but the increase is not signi cant, whereas the permeability of the soil-rock mixture is greatly increased by high porosity, and the permeability of the soil-rock mixture will be closer to the rock skeleton with an increase in rock block proportions. (4) In reclamation projects, the rock content should be increased to ensure lower permeability and better water retention.
(5) e mesoscopic numerical method based on the threshold control method can establish speci c models for the experiment. If combined with a reasonable simulation algorithm, the method can obtain credible simulation test results, which will provide reliable guidance for future testing. (6) e advantage of threshold control method is to identify the soil, rock, and pore of the specimen, and it can be used to establish a three-dimensional model containing pore information in future studies, instead of the traditional model with only soil and rock. And, more precise simulation tests can be conducted.
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